Ultraviolet (UV) B is the most prominent physical carcinogen in the environment leading to the development of various skin cancers. We have previously demonstrated that the human ortholog of the Arabidopsis thaliana constitutive photomorphogenesis 1 (COP1) protein, huCOP1, is expressed in keratinocytes in a UVB-regulated manner and is a negative regulator of p53 as a posttranslational modifier. However, it was not known whether huCOP1 plays a role in mediating the UVB-induced early transcriptional responses of human keratinocytes. In this study, we report that stable siRNA-mediated silencing of huCOP1 affects the UVB response of several genes within 2 h of irradiation, indicating that altered huCOP1 expression sensitizes the cells toward UVB.
Introduction
Ultraviolet (UV) B light is one of the most important physical carcinogens in the environment, and the skin is the first and major barrier to protect the body from its harmful effects.
At the molecular level, UVB causes DNA damage, transcriptional changes and apoptosis.
Although epidermal keratinocytes, the main site of environmental UVB damage, provide a useful model system to study UVB-induced cellular responses, information on the molecular pathways mediating these processes is currently limited. UVB irradiation changes the expression of several genes in keratinocytes, including the p53 nuclear phosphoprotein [1] [2] [3] . This tumor suppressor functions as a transcription factor and has a central role in keratinocyte stress responses, including UV-induced responses [1] [2] [3] [4] [5] . The UVB-dependent molecular network in which p53 plays a pivotal role has not been revealed yet. One of the p53-interacting partners, the E3 ubiquitin ligase, COP1
(constitutive photomorphogenic 1), has been intensively studied in various organisms [6] [7] [8] [9] [10] [11] .
The COP1 protein was first identified as a central negative regulator of light-regulated development in A. thaliana [12] . A. thaliana COP1 (AtCOP1) contains three conserved structural domains: a RING finger at the amino terminus mediating ligase activity, a coiled-coil domain in the middle mediating dimerization and seven WD40 repeat domains at the carboxyl-terminal end of the protein implicated in the binding of target proteins [13] [14] [15] . AtCOP1 functions as an E3 ubiquitin ligase targeting selected proteins for proteosomal degradation in plants [15] . Among its substrates are important transcription factors, such as the key regulators of photomorphogenesis under all light conditions, including UVB [16] . In contrast the negative regulation observed for visible-light responses, AtCOP1 is a critical positive regulator of responses to low levels of UVB.
According to the latest data, UVB triggers the physical and functional disassociation of the AtCOP1-SPA core complex from CUL4-DDB1 and the formation of a new complex containing the UVB photoreceptor, UV Resistance Locus 8. This UVB-induced machinery is associated with the positive role of AtCOP1 in facilitating the stability and activity of key transcription factors. [8] Sequence analysis of COP1 orthologs from arabidopsis, human and mouse indicated that the COP1 domain structure is highly conserved in higher plants and vertebrates [16] . The mouse (MmCOP1) and human COP1 (huCOP1) sequences are located on chromosome 1 and the high degree of sequence conservation with AtCOP1 suggested functional conservation [12] . Both MmCOP1 and huCOP1 target bZIP transcription factors of the Jun family and p53 for degradation in a similar manner to AtCOP1 [6, 17] . Lee et al. discovered that the constitutive photomorphogenesis 9 signalosome (CSN) plays a role in the control of DNA damage and carcinogenesis caused by UV light [18, 19] . CSN components seem to act upstream of COP1 in mammalian cells stimulated by UV. Based on this observation, CSN components might act through huCOP1 in the negative regulation of important cancer genes, including p53, MDM2, P27, c-JUN, NFKB, SMAD7, RUNX3, ID1, SKP2 and HIFI [18, 19] .
The function of huCOP1 has not yet been investigated in detail. We previously demonstrated that huCOP1 is expressed in keratinocytes in an UVB-regulated manner and is a negative regulator of p53 as a post-translational modifier [10] . The regulation of p53 by huCOP1 in keratinocytes is of particular importance, as this role suggests involvement in both cellular UV responses and carcinogenesis. MmCOP1 has also been shown to repress c-JUN mediated AP-1 transcription [11, 20] .
The mechanisms by which the skin protects against UV damage have been investigated in detail. DNA arrays have been used to examine the UV-induced change in expression of 6800 genes in epidermal keratinocytes. Differential expression of 198 genes was detected in three waves occurring at 0.5-2 h, 4-8 h and 16-24 h after UV irradiation [1] . Although it is evident from the available data that huCOP1 and orthologs are posttranslational regulators of late UV responses in a wide range of organisms, it was not known how early huCOP1 acts on transcriptional responses.
Based on these data and on the results obtained from a UVB-dependent transcriptome analysis performed with arabidopsis [21] , we raised the question whether huCOP1 plays a role in early UVB-induced signaling processes that lead to transcriptional changes in keratinocytes.
In this study we report that stable siRNA-mediated silencing of huCOP1 sensitises the keratinocyte cells toward UVB and affects the UVB response of several genes within 2 h of irradiation. Our results suggest that huCOP1 plays a role in modulating the early cellular UVB response at the transcriptional level in human keratinocytes.
Materials and methods

Keratinocyte transformation
HPV-immortalized human keratinocytes (HPV-KER clone II/15) were maintained as described [22] . Stable transformation of HPV-KER II/15 was performed at approximately 70% confluency in supplement-free medium with either the empty vector (pSuperior.puro vector) or a vector harboring huCOP1 silencing sequences [10] . Plasmid DNA for transfection was purified with the QIAGEN Plasmid Maxi Kit (QIAGEN, Hilden, Germany). Transfection was carried out with the X-tremeGENE 9 DNA Transfection Reagent (Roche Applied Science, Mannheim, Germany) and the Human Keratinocyte Nucleofector Kit (Lonza Cologne AG, Cologne, Germany) according to the manufacturer's instruction.
Western blot analysis
HuCOP1 protein was detected using previously described standard procedures [10] Table S1 . The expression of each gene was normalized to the signal from the 18S ribosomal RNA gene. Results are averages of three parallel experiments. The relative mRNA expression levels were calculated by the ΔΔC t method [41] . See Supplementary Methods online for details.
Pathway analysis
Pathway analysis was performed using Ingenuity Pathway Analysis software (IPA, Ingenuity Systems, Stanford, USA). See Supplementary Methods online for details.
Results
Characterization of siCOP1 keratinocyte cell lines
To determine the role of huCOP1 in the early UVB response, we created keratinocyte cell lines in which the expression level of huCOP1 was stably decreased. For this purpose, we used an HPV-immortalized keratinocyte cell line in which the UVB response of p53 is intact: its UVB inducibility resembles that of normal human cultured keratinocytes. However, sequence analysis revealed that the p53 gene in this cell line harbours the codon 72 polymorphism of the protein (manuscript in preparation). G-banding analyses of the cell line revealed normal human karyogram (46, XX) [22] . Four cell lines harboring the empty vector and three cell lines carrying the huCOP1 silencing sequences were established. To select the most appropriate cell lines for further investigation, the degree of huCOP1 silencing and the proliferation of the cell lines were compared. Based on the results of these preliminary experiments (data not shown), two cell lines -control and siCOP1 -were selected. Semiquantitative analysis of chemiluminescent western blot experiments demonstrated that the expression of huCOP1 in the siCOP1 cell line was decreased by 70% compared to the control line ( Fig. 1a and b) . The silencing of huCOP1 did not affect cell proliferation (Fig. 2 ).
UVB irradiation decreased huCOP1 protein abundance in transformed cell lines
We previously reported that huCOP1 levels decrease in human keratinocytes after UVB irradiation [10] . To confirm that the stably transformed cell lines react similarly to UVB irradiation, we compared unirradiated and UVB-irradiated control and siCOP1 cells using the semiquantitative immunocytochemical approach to detect huCOP1 expression. The applied UVB (20 mJcm −2 ) did not affect the viability or proliferation of the cells (data not shown). An approximately 50% decrease in huCOP1 expression was detected in both cell lines 24 hours after UVB irradiation (Fig. 3 ).
Array analysis of selected genes differentially expressed in early UVB response revealed a transcriptional regulatory role for huCOP1 in keratinocytes
To understand the role of huCOP1 in the UVB-induced early signaling processes of human keratinocytes, we performed an expression profile analysis. For this purpose, the siCOP1 and control cell lines were evaluated using the StellArray™ Gene Expression System. Based on Fig. S1 ).
A UVB regulatory network identified by pathway analysis was modified by huCOP1 expression
Using the Ingenuity Pathway Analysis software (IPA, Ingenuity Systems, Stanford, USA),
we identified a regulatory network of UVB-regulated genes in which 13 of the selected 30 genes participated (Fig. 4a) . Mitogen-activated protein kinase (ERK1/2), cAMP responsive element binding protein (CREB) and ubiquitin (not included in the array experiment) were identified as central organizers of this network. Expression of all 13 selected genes increased after UVB irradiation in the siCOP1 cell line, indicating that huCOP1 modulates the expression of these genes. To clarify whether the gene expression of ERK1/2 and CREB is UVB-regulated, we carried out real-time RT-PCR experiments. UVB irradiation reduced the mRNA level of the central organizers in the control cell line and this affect was moderated by huCOP1 silencing (Fig. 4b) .
The pathway analysis also revealed the following upstream regulators of the identified network:
epidermal growth factor (EGF), nerve growth factor, fibroblast growth factor 2, interferon gamma, interleukin-1 beta, interleukin 6 cytokines and nuclear factor of kappa beta (NFKB) (Fig. 5a ).
According to the analysis, these regulators are in an activated state to trigger the UVB response through the identified network but the relationships among the upstream regulators were not assessed. We choose three upstream regulator molecules (IL1B, IL6 and NFKB) to test wheather the corresponding genes exhibit UVB-induced changes in expression. In agreement with published data [2, 4, 23] , our results demonstrated that the transcription of these genes is UVB sensitive and that huCOP1 silencing had an effect on their transcription levels after UVB irradiation (Fig. 5b ).
Discussion
UVB light is undoubtedly the most important carcinogenic environmental stressor of human skin, and UV-induced changes in keratinocytes have been widely studied [3, 24] . HuCOP1 has been implicated in the negative regulation of important cancer-related genes acting in the cellular response to UVB [11, 25] . Nevertheless, the possible role of huCOP1 in the keratinocyte UVB response has not yet been investigated in detail.
To address these issues we produced transgenic cell lines in which the expression of huCOP1 was stably silenced (siCOP1). For this purpose, we used an HPV-immortalized keratinocyte cell line carrying the codon 72 polymorphism of the p53 gene, a well-known and common polymorphism with yet unconfirmed significance in cancer risk. Since this cell line exhibited a normal p53 UVB response, we considered it suitable for our purposes. After establishing the huCOP1 silenced transgenic keratinocyte cell line, we examined the expression of selected UVB-regulated genes with or without UVB irrradiation. Our experiments revealed that (i) the silencing of huCOP1 did not affect cell viability, (ii) the expression level of the selected genes was not affected by huCOP1 silencing in unirradiated cells, and (iii) DNA array and validating real-time RT-PCR experiments confirmed that transcript levels of the selected genes exhibited changes as early as 2 hours after UVB irradiation and that these changes were in good agreement with previously published data [1] [2] [3] [4] . However, very importantly, we found that (i) the residual huCOP1 level was further reduced by UVB and (ii) the significantly reduced huCOP1 level resulted in more pronounced UVB-induced changes in the expression of genes as compared to nontransgenic keratinocytes. These data demonstrate that this cell line is a particularly suitable tool for studying huCOP1-dependent UVB-induced changes in early gene expression responses.
The possible interactions among the examined genes were analyzed using Ingenuity Pathway Analysis software. This software uses published interaction data for composing potential new networks based on novel experimental data. The pathway analysis identified a network in which 13 of the 30 examined genes were organized around three central molecules, ERK1/2, CREB and ubiquitin.
Functional connections between certain members of the identified network have already been described [26] [27] [28] [29] . All 13 genes were differentially expressed after UVB irradiation, and their expression was increased in siCOP1 cells compared to control. Similar changes have been detected in ERK1/2 and CREB gene expression, affirming their central role in the identified network.
Some of the components of the identified network have already been implicated in huCOP1-mediated processes: Liu et al. [30] have recently demonstrated that huCOP1 promotes the ubiquitilation and degradation of the cAMP responsive CREB-regulated transcription coactivator 2. COP1 has also been shown to play a role in the degradation of the c-Jun protein [9, 11, 20, 25] .
Our array identified two other functional components of the activator protein-1 (AP-1) transcription factor complex: JUNB and JUND. HuCOP1 might regulate these two genes through
an as yet unidentified mechanism. On the basis of these data, we hypothesize that huCOP1 might AP-1-related transcription factors have long been implicated in tumorigenesis; therefore, the putative role of huCOP1 in the pathogenesis of human cancers emerged early [11, 20] . Much evidence demonstrating that COP1 plays a major role in tumorigenesis has since accumulated [25] .
However, it is still unclear whether COP1 is a tumor suppressor or an oncogene. Marine speculated in this recent review that COP1 may have a -dual face,‖ functioning either as an oncogene or as a tumor suppressor, depending on the cellular context.
Our results and the data available in the literature indicate that decreased huCOP1 levels sensitize the cells to UVB damage or oxidative stress and modify the UVB-induced stress response of keratinocytes. The loss of some members in the identified network increases the sensitivity of the cells to UVB. Maeda et al. [31] , for example, demonstrated that GADD45A -/-keratinocytes are more sensitive to UVB than GADD45A +/+ cells due to reduced DNA repair and lack of G2/M arrest. It is also well known that the symptoms of systemic lupus erythematosus are exacerbated by sun exposure. Pflegerl et al. [32] reported that challenging JUNB ∆ep mice with UVB irradiation enhanced the severity of their lupus-like lesions. It has also been published that DAXX-depleted fibroblasts are resistant to UVB-and oxidative-stress-induced cell death [33] . Presumably, the absence of certain members of the huCOP1-mediated transcriptional cascade leads to an abnormal UVB response.
Several members of the identified huCOP1-mediated UVB-responsive network have already been correlated with non-melanoma skin cancers, such as basal cell carcinoma (BCC) and squamous cell carcinoma (SCC). Immunohistochemical studies recently performed by our workgroup [34] indicated that huCOP1 expression is altered in both non-melanoma skin cancers.
Moreover, well established data are available on the differential expression of several members of the identified huCOP1-mediated UVB-responsive network both in BCC and SCC ( [34] [35] [36] [37] [38] ).
We demonstrated that huCOP1 contributes to the transcriptional regulation of the keratinocyte UVB response by the downregulation of an UVB inducible network operating through three newly identified central organizers. This network is under the control of upstream regulators also showing UVB response. We hypothetise that huCOP1 operates as a negative factor of the identified transcriptional network by modifying the function of the upstream regulators.
Mechanism underlying the UVB-induced cellular events may include a re-distribution of huCOP1
to different molecular complexes. Such a mechanism has recently been demonstrated for arabidopsis [8] . The expression of huCOP1 is altered in non-melanoma skin cancers [34] and several members of the identified regulatory network have been implicated in the pathogenesis of these skin diseases [35] [36] [37] [38] . Thus, huCOP1 emerges as a potential target molecule for BCC and/or SCC. Since COP1 possibly acts both as an oncogene and as a tumor suppressor, further studies should clarify the role of huCOP1 for human keratinocytes in photo-damaged skin and these skin diseases. 
